Introduction
Terahertz time-domain spectroscopy (THz-TDS) is a promising tool in physics and chemistry for characterizing far-infrared vibrational modes, such as rotational, torsional, phonon, inter-and intramolecular modes. Those modes exist in the 0.3 -3.0 THz (10 -100 cm -1 ) range, which corresponds to the lower end of the far-infrared region. 1 One of the attractive properties of THz waves is their ability to pass through a wide variety of materials, 2 thus enabling us to see through many types of packaging material, including paper, plastics, leather and wood. This property allows nondestructive inspections of such items as drugs in mail envelopes at post offices. 3 The high transparency applies to several molecules that form few interand intramolecular modes, such as hydrogen bonds. Therefore, it becomes possible to achieve the selective detection of certain molecules in mixed samples, which form strong inter-and intramolecular modes in a sample mixed with impurities. Moreover, THz waves cause almost no damage to materials, and so they can be used to detect fragile biological samples [4] [5] [6] [7] [8] [9] and to characterize pharmaceutical materials. [10] [11] [12] [13] Thus, THz techniques are attracting increasing interest not only in basic research, but also for practical applications in a variety of fields.
Recently, the usefulness of the quantitative analysis of chemicals which have characteristic absorption in the THz region, such as amino acids, by using THz-TDS has been demonstrated; [14] [15] [16] [17] however, the analysis of amino acids in actual foods or drugs has not yet been tested. In this paper, we describe the quantitative analysis of five amino acids in an actual dietary amino acid supplement by using THz-TDS. The supplement contains other ingredients, such as sugars and vitamins, and thus is a suitable sample for testing the selective detection of an amino acid using THz-TDS. We also analyzed tablets of a commercially available dietary amino acid supplement wrapped in paper, and compared the accuracy of the direct quantitative analysis of the packaged samples with that of unwrapped samples. Since one characteristic of THz waves is their ability pass through commonly used packaging materials, such as paper and plastics, the accuracy with which they can provide a nondestructive quantitative analysis of packaged samples is of interest. The merit of using THz-TDS for the direct quantitative analysis of packaged samples was also shown by comparing it with Raman spectroscopy.
Experimental

Sample preparation
Commercial dietary amino acid supplements were purchased from two different makers. The samples of the two different kinds of supplements are denoted as Supplements A and B here. The concentrations of the amino acids and other ingredients were calculated based on nutrition fact sheets and are summarized in Table 1 . The supplement granules were ground into powder, and about 80 mg of this powder was compressed into a tablet 10 mm in diameter. The mechanically determined tablet thicknesses were 0.7 and 0.8 mm for Supplements A and B, respectively. In order to eliminate from the spectra the effect of the multiple reflections that occur between the two surfaces of a sample tablet (etalon artifacts), we removed the signal of the multiple reflections prior to Fourier transformation of the time-domain signal to obtain the frequency-domain spectrum.
These thickness values provided a sufficient path length for us to eliminate from the spectra the effect of the multiple reflections. Since windowing the data can introduce incorrect information at low frequencies, we do not use the spectra in 0 to 0.5 THz region for further analysis. The final weights of the tablets were also measured to determine the quantity of each amino acid that they contained. Wrapped samples for use in the nondestructive inspection of a packaged tablet were prepared by We successfully analyzed the concentrations of five amino acids in commercially available dietary amino acid supplements by using terahertz time-domain spectroscopy (THz-TDS) with an error of ±12% for the best reproduced components. We also succeeded in analyzing tablets of the supplements wrapped in paper, and thus showed the merit of using THz waves for the nondestructive quantitative analysis of packaged samples by employing the fact that THz waves are capable of passing through several types of packaging material. The ability of THz waves to pass through the paper made it possible to perform a quantitative analysis using the same standard spectra as those used for an unwrapped sample, and the accuracy of a direct quantitative analysis of a packaged sample was almost the same as that of an unwrapped sample. Original Papers placing the above tablets of Supplements A and B between sheets of weighing paper (~30 μm thick).
To obtain the standard THz spectra, that is, the molar absorption coefficient in a certain THz region, standard tablets of the major constituents (l-arginine (l-Arg), l-glutamine (l-Gln), l-isoleucine (l-Ile), l-leucine (l-leu), l-valine (l-Val), maltitol, and citric acid monohydrate) were prepared by mixing a certain amount of each chemical in powder form with high-density polyethylene (PE) powder (Aldrich).
Measurement
We measured the THz spectra by using a THz-TDS2004 (Aispec) combined with a near-infrared pulse laser to generate optical pulses with a duration time of 10 fs and a wavelength of 800 nm (Integral, FEMTOlASERS). The repetition frequency was 80 MHz. We used a 50-V biased low temperature-grown GaAs (lT-GaAs) photoconductive antenna for both the generation and detection of THz pulses. Other optical set-ups are described in detail elsewhere.
14 A sample tablet was attached at the center of the rear of the holder (f7 mm) so as to allow the THz beam to pass through it. The data for the sample were collected by a detector. The reference data consisted of THz pulses that passed through the same aperture in the absence of a tablet. An accumulation number of 32 was used for both the sample and the reference to improve the S/N. The measurement time was within 5 min. The spectral resolution was 0.96 cm -1 . All of the measurements were acquired at room temperature under a pressure of 50 Pa to avoid water vapor absorption.
We measured the Raman spectra using an NIR Raman microprobe system (InVia Reflex, Ranishaw). The excitation light source was the 785-nm line of a laser-diode continuous-wave laser (Ranishaw). The approximately 30 mW NIR laser light was focused on the sample with an objective lens (×50, NA 0.55). The laser power at the sample was about 3 mW for all of the measurements. The laser was focused on top of a tablet of amino acid supplement or amino acid powder. The spot size diameter and the focal depth on the sample were about 1 μm and <10 μm, respectively. The scattered light was collected by using the 180 backscattering geometry, and the grating in the polychromator was 1200 line/mm. The exposure times for the Raman measurement were 10 to 30 s. The spectral resolution was <2 cm -1 . We performed all of the measurements at room temperature.
Method of quantitative analysis
Before obtaining the standard spectra of the major constituents (l-Arg, l-Gln, l-Ile, l-leu, l-Val, maltitol, and citric acid monohydrate), we calculated the concentrations of the constituents in each standard tablet by using the following equations;
where C, W, w, wpe, M, d and r are the concentration, the weight of the tablet, the weight of the mixed amino acid powder, the weight of the mixed PE powder, the molecular weight of the amino acid, and the thickness and radius of the tablet, respectively.
The absorption spectra of a sample, A(ν), were calculated using
By Fourier transforming the time-domain signal, we obtained the amplitude spectra, Esam(ν) and Eref(ν), for a sample of thickness d placed in the beam and an empty reference, respectively. We removed the signal of multiple reflections prior to Fourier transforming. Since windowing the data can introduce incorrect information at low frequencies, we did not use the spectra in 0 to 0.5 THz region for further analysis. Our previous study 14 showed that the A(ν) resulting from the absorption of the sample is proportional to the concentration, and so A(ν) can be expressed by Beer's law,
where ε(ν) is the molar absorption coefficient. Thus, we calculated the ε(ν) values of the standard chemicals by averaging the ε(ν) curves for several different concentrations of standard tablets to obtain a standard spectrum. We used the standard spectra set (εl-
, and εcitric acid(ν)) for further quantitative analysis. We can calculate the spectrum (Scalc(ν)) for any mixing ratio of l-Arg, l-Gln, l-Ile, l-leu, l-Val, maltitol, and citric acid monohydrate by using the standard spectra set,
where kl-Arg, kl-Glu, kl-Ile, kl-leu, kl-Val, kmaltitol, and kcitric acid are the coefficients for the constituents. To obtain the coefficients that correspond to the most likely ratio of the amino acids in Supplements A and B, we minimized the error between the calculated and experimental spectra.
Results and Discussion
Supplement A, unwrapped The solid line in Fig. 1(a) shows the THz absorption spectrum of Supplement A in the 0.5 to 3.0 THz region. Several characteristic peaks were clearly observed. The dotted line shows the calculated spectrum obtained by adding the standard spectra, which were scaled in proportion to the calculated concentrations of five amino acids and maltitol. The spectra of the five amino acid constituents and maltitol are overlaid to show their contributions to the calculated spectra. The experimental spectrum was well reproduced by the calculated spectrum. Figure 3 (a) and Table 2 summarize the concentrations of the five amino acids shown in the nutrition fact sheet and calculated results for Supplement A. The recovery ratios (calculated concentration over concentration given in nutrition fact sheet) revealed that the estimation errors, defined by ((recovery ratio) -1)× 100, were within ±12% for the three constituents (l-Arg, l-Gln, and l-Ile). For l-leu and l-Val, the estimation errors were 59 and 29%, respectively. The order of the concentration was correctly predicted, expect as regards l-leu. Thus, despite employing a rough analysis that did not take account of the contribution of minor components, such as vitamins, we successfully analyzed the actual supplement by using THz-TDS.
Supplement B, unwrapped
The solid line in Fig. 2(a) shows the THz absorption spectrum of Supplement B in the 0.5 to 3.0 THz region. Several characteristic peaks were clearly observed, and the spectral shape was different from that of Supplement A. The dotted line shows the calculated spectrum obtained by adding the standard spectra, which were scaled in proportion to the calculated concentration of five amino acids, maltitol, and citric acid. The order written in the nutrition fact sheet for Supplement B indicates that the percentage of citric acid is between those of l-leu and l-Val, although the concentration was not stated. We took citric acid into consideration in the analysis. The spectra of the five amino acid constituents, maltitol, and citric acid are overlaid to show their contributions to the calculated spectra. The experimental spectrum was well reproduced by the calculated spectrum. Figure 3(b) and Table 2 summarize the concentrations of the five amino acids shown in the nutrition fact sheet and the calculated results for Supplement B. The recovery ratios showed that the estimation errors were within ±10% for l-Ile and l-Val. For l-Glu and l-leu, the estimation errors were +37 and -56 %, respectively. The estimation error for l-Arg was as large as +160%. Since the amino acid concentration in Supplement B is smaller than that in Supplement A, and the concentrations of the other ingredients in Supplement B were mostly larger than that in Supplement A, the errors were larger in the quantitative analysis of the amino acids in Supplement B. The results indicate that the detection limit of THz spectroscopy is currently around a few percent, that is, about 0.01 to 0.1 μM/mm 2 for the molecules whose molecular size is about 10 2 , and the accuracy of the quantitative analysis, is also several percent. This means that, unfortunately, THz spectroscopy is incapable of trace analysis and has no advantage in terms of the detectable range over other spectroscopic methods. However, advances in optical design, brighter light sources and more sensitive detectors may improve the detection limit, and thus make THz spectroscopy a more powerful analytical tool.
Supplement A, wrapped
We also measured wrapped samples of Supplements A and B by placing a tablet between sheets of weighing paper (~30 μm thick) as an example of the nondestructive inspection of a packaged tablet. The solid line in Fig. 1(b) shows the THz spectra of wrapped tablets of Supplement A in the 0.5 to 3.0 THz region. We found that wrapping in paper had very little effect on the spectral shape because the differential spectra calculated by subtracting the absorption intensity of wrapped sample from that of unwrapped sample was satisfactory flat. The peak positions and spectral shapes did not change, although the absorbance increased slightly in the overall frequency (the ratio of the absorption intensity of the difference spectra to that of unwrapped sample was 0.11 at ~1.7 THz), and thus the noise was larger at frequencies above ~2.5 THz. Thanks to the ability of THz waves to pass through paper, we can perform a quantitative analysis by using the same standard spectra as those used for the unwrapped sample. The dotted line shows the calculated spectrum obtained by adding the standard spectra, which were scaled in proportion to the calculated concentrations of five amino acids and maltitol. We did not use the noisy region above ~2.5 THz for the calculation. The experimental spectrum was well reproduced by the calculated spectrum. The recovery ratios in Table 2 show that the estimation errors were within ±33% for the three constituents (l-Arg, l-Gln, and l-Ile). For l-leu and l-Val, the underestimation errors were 50 and 83%, respectively. Since l-Ile and l-Val both have peaks at around 1.7 THz, the estimation of l-Ile and the underestimation of l-Val can occur simultaneously by confusing the two components, which have similar THz absorption profiles. Using a wider spectral region for an unwrapped sample or changing the measurement temperature to see the difference in the spectral shapes will help to avoid confusion and allow us to improve the accuracy.
Supplement B, wrapped
The solid line in Fig. 2(b) shows the THz spectra of wrapped tablets of Supplement B in the 0.5 to 3.0 THz region. Again, we found that the effect of wrapping in paper on the spectral shape was very small, and the peak positions and the spectral shapes did not change. Due to the small overall frequency absorption, the noise was sufficiently small to allow us to observe a similar region to that for the unwrapped sample, we used the region up to 2.7 THz for the calculation for both the wrapped and unwrapped samples. The dotted line shows the calculated spectrum obtained by adding the standard spectra, which were scaled in proportion to the calculated concentrations of the five amino acids, maltitol, and citric acid. The experimental spectrum was well reproduced by the calculated spectrum. The recovery ratios revealed that the estimation errors were +40, +28, and +17 for l-Glu, l-Ile, and l-Val, respectively. The estimation errors for l-Arg and l-leu were as large as +165 and +156%. Despite the significant change in the result for l-leu, the degree of the estimation error was little changed by the wrapping. It is noteworthy that THz-TDS can realize almost the same level of accuracy as quantitative analysis for both packaged and unwrapped samples.
lastly, we measured the Raman spectra of Supplements A and B and the five constituent amino acids (Fig. 4) . Several sharp peaks were observed. The six large peaks are indicated with dashed lines and were observed in the spectra of both Supplements A and B. Table 3 compares the Raman peak positions. Considering the bandwidth, the peaks observed in the ±5 cm -1 region were regarded as being the same vibrational mode, and so are placed on the same rows in the table. The six marked peaks in Fig. 4 are shown as gray rows. We found that the contributor to the peaks cannot be identified as a single amino acid component, but is assigned as the sum of the peaks of two or more amino acids. Although a detailed analysis can reveal the degree to which each amino acid contributes to a certain peak, quantitative analysis based on a scattering method, such as Raman spectroscopy, is complicated because calibrations are often non-linear due to the variation in the intrinsic scattering efficiency with the concentration. 18 We also measured samples of Supplement A after placing the tablet between sheets of weighing paper. Figure 5 compares the Raman spectra of the wrapped Supplement A (top) and the weighing paper (bottom). The results indicate that the Raman spectra cannot detect any signals from the chemicals in Supplement A through a paper whose thickness (~30 μm) exceeds the focal depth (<10 μm). Therefore, we confirmed that compared with Raman spectroscopy THz-TDS is a powerful tool for the direct quantitative analysis of packaged samples when the concentration range of the target chemicals exceeds a few percent, that is, about 0.01 to 0.1 μM/mm 2 for the molecules whose molecular size is about 10 2 .
Conclusions
We successfully analyzed five amino acid concentrations in actual dietary amino acid supplements with an error of ±12% for the best-reproduced components. The detection limit with THz spectroscopy was around a few percent, and the accuracy of the quantitative analysis was also several percent. In addition, we succeeded to analyze tablets of commercially available dietary amino acid supplements wrapped in paper. The wrapping had a negligible effect on the spectral shape, and the peak positions and spectral shapes remained unchanged. The ability of THz waves to pass through the paper made it possible to perform a quantitative analysis using the same standard spectra as those used for the unwrapped sample. It is noteworthy that the accuracy of a direct quantitative analysis for a packaged sample was almost the same as that for an unwrapped sample. We confirmed that THz-TDS is a more powerful tool for the direct quantitative analysis of packaged samples than Raman spectroscopy, when the concentration range of the target chemicals exceeds a few percent, that is, about 0.01 to 0.1 μM/mm 2 for the molecules whose molecular size is about 10 2 .
